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Topoisomerase I-mediated cleavage at unrepaired
ribonucleotides generates DNA double-
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Abstract

Ribonuclease activity of topoisomerase I (Top1) causes DNA nicks
bearing 20,30-cyclic phosphates at ribonucleotide sites. Here, we
provide genetic and biochemical evidence that DNA double-strand
breaks (DSBs) can be directly generated by Top1 at sites of
genomic ribonucleotides. We show that RNase H2-deficient yeast
cells displayed elevated frequency of Rad52 foci, inactivation of
RNase H2 and RAD52 led to synthetic lethality, and combined loss
of RNase H2 and RAD51 induced slow growth and replication
stress. Importantly, these phenotypes were rescued upon addi-
tional deletion of TOP1, implicating homologous recombination for
the repair of Top1-induced damage at ribonuclelotide sites. We
demonstrate biochemically that irreversible DSBs are generated by
subsequent Top1 cleavage on the opposite strand from the Top1-
induced DNA nicks at ribonucleotide sites. Analysis of Top1-linked
DNA from pull-down experiments revealed that Top1 is covalently
linked to the end of DNA in RNase H2-deficient yeast cells, support-
ing this model. Taken together, these results define Top1 as a
source of DSBs and genome instability when ribonucleotides
incorporated by the replicative polymerases are not removed by
RNase H2.
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Introduction

Recent biochemical and genetic studies show that DNA polymerases

(Pols), such as Pols a, d, and e, readily incorporate ribonucleotides

into DNA (Nick McElhinny et al, 2010a,b; Williams et al, 2013).

While DNA polymerases can discriminate against insertion of

ribonucleotides, studies in both yeast and human cells show that

the ribonucleotide concentration is much higher than the deoxyri-

bonucleotide concentration (Traut, 1994; Nick McElhinny et al,

2010b), increasing the probability of ribonucleotide insertion.

Consequently, ribonucleotides are estimated to be the most common

non-canonical nucleotide incorporated into DNA during replication

(Nick McElhinny et al, 2010b; Reijns et al, 2012). This has impor-

tant implications for genome stability, because ribonucleotides are

more susceptible to spontaneous hydrolysis (Li & Breaker, 1999),

generating DNA ends that cannot be directly ligated. They also have

structural effects on DNA, including altered helical parameters and

elastic properties (Ban et al, 1994; DeRose et al, 2012; Chiu et al,

2014). While newly incorporated ribonucleotides might serve

as signals for DNA repair processes, such as mismatch repair

(Ghodgaonkar et al, 2013; Lujan et al, 2013), there are clearly nega-

tive consequences of unrepaired ribonucleotides [discussed in detail

in several recent reviews (Potenski & Klein, 2014; Williams &

Kunkel, 2014; Cerritelli & Crouch, 2016; Williams et al, 2016)].

The major pathway for ribonucleotide removal is ribonucleotide

excision repair (RER). RER is initiated when RNase H2 incises on

the 50 side of a ribonucleotide, and additional proteins work in

concert to remove the ribonucleotide-containing DNA segment and

synthesize ribonucleotide-free DNA (Rydberg & Game, 2002; Sparks

et al, 2012). Although RNase H2 is dispensable for viability in yeast,

RNase H2-null strains harbor high levels of genomic ribonucleotides

and 2–5 base pair (bp) deletions at DNA sequences consisting of

short repeats (Nick McElhinny et al, 2010a; Kim et al, 2011;

Potenski et al, 2014). RNase H2-null strains also exhibit hyper-

recombination and replication stress (Nick McElhinny et al, 2010a;

Lazzaro et al, 2012; Potenski et al, 2014). In mice, loss of RNase H2

leads to embryonic lethality (Hiller et al, 2012; Reijns et al, 2012),

while in humans, mutations in RNase H2 lead to Aicardi–Goutières

syndrome (AGS), a neuroinflammatory disease (Rabe, 2013; Reijns

& Jackson, 2014).

Genetic analyses using budding yeast as a model organism have

identified Top1 as a key contributor to genome instability pheno-

types that arise upon RER inactivation. These phenotypes include

genome integrity checkpoint activation, replication stress, elevated

mutagenesis, hyper-recombination, and increased chromosomal

1 Developmental Therapeutics Branch and Laboratory of Molecular Pharmacology, Center for Cancer Research, National Cancer Institute, NIH, Bethesda, MD, USA
2 Genome Integrity and Structural Biology Laboratory, National Institute of Environmental Health Sciences, NIH, Research Triangle Park, NC, USA

*Corresponding author. Tel: +1 301 496 5944; E-mail: pommier@nih.gov
†These authors contributed equally to this work

Published 2016. This article is a U.S. Government work and is in the public domain in the USA The EMBO Journal Vol 36 | No 3 | 2017 361



rearrangements (Kim et al, 2011; Lazzaro et al, 2012; Williams

et al, 2013; Potenski et al, 2014), all of which are reduced or elimi-

nated upon deletion of TOP1. As Top1 possesses a ribonuclease

activity (Sekiguchi & Shuman, 1997; Kim et al, 2011; Huang et al,

2015; Sparks & Burgers, 2015), the Top1-induced DNA nicks at

genomic ribonucleotides can initiate the observed genome instabili-

ties. Recent reports have described a mechanism by which the

2–5 bp deletions are generated by Top1 (Huang et al, 2015; Sparks

& Burgers, 2015; Cho et al, 2016). However, how Top1 causes

replication stress, hyper-recombination, and checkpoint activation

has remained unclear.

Double-strand breaks (DSBs) are among the most genotoxic

lesions [reviewed in (Mehta & Haber, 2014)] resulting from endoge-

nous sources, such as replication fork collapse, or from exogenous

sources, including ionizing radiation and chemotherapeutic agents.

DSBs lead to mutations, genetic rearrangements, and cancer. In

response to DSBs, cells activate checkpoints and invoke repair path-

ways, including both non-homologous end joining (NHEJ) and

homologous recombination (HR). In yeast, the predominant DSB

repair pathway is HR, a highly regulated, multi-step process that is

template-dependent and involves precise coordination between

multiple protein factors, including Rad51 and Rad52. Several lines

of evidence suggest that DSBs contribute to genome instabilities in

the absence of RER. RNase H2-null mouse embryonic fibroblasts

exhibit increased cH2AX foci, chromosomal rearrangements, and

micronuclei, coupled with a p53-dependent DNA damage response

(Hiller et al, 2012; Reijns et al, 2012), consistent with the formation

of DSBs. Moreover, RNase H2-null yeast strains exhibit elevated

rates of recombination and chromosomal rearrangements (Allen-

Soltero et al, 2014; O’Connell et al, 2015) that are Top1-dependent

(Potenski et al, 2014; Conover et al, 2015; Epshtein et al, 2016).

Also, transcriptional profiling of RNase H2-null yeast cells reveals

up-regulation of genes involved in DSB repair as well as

recombination (Arana et al, 2012).

Here, using both in vitro and in vivo approaches, we present

evidence establishing that Top1 induces DSBs at ribonucleotide sites

and that HR is critical for repair of these genomic lesions. Our data

provide a mechanism whereby sequential Top1 cleavage events on

opposite DNA strands induce DSBs at unrepaired ribonucleotides,

resulting in checkpoint activation and replication stress.

Results

Unrepaired single genomic ribonucleotides cause Top1-
dependent Rad52-YFP foci

To investigate the role of Top1 in the formation of spontaneous

DSBs induced by unrepaired ribonucleotides in S. cerevisiae cells,

we constructed strains expressing Rad52-YFP in RNase H2-profi-

cient or RNase H2-deficient strains with or without additional inac-

tivation of TOP1. Rad52 is an indicator of DNA damage, as it

forms foci at sites of DSBs during HR repair (Lisby et al, 2001).

We measured the percentage of cells containing one or more

Rad52-YFP foci. Consistent with a previous report (Potenski &

Klein, 2014), deletion of RNH201, the gene encoding the catalytic

subunit of RNase H2, resulted in a higher percentage of cells

containing one or more spontaneous Rad52-YFP foci (Fig 1A).

Importantly, additional inactivation of TOP1 (rnh201D top1D)
significantly decreased the percentage of cells with a Rad52-YFP

focus compared to the rnh201D single knockout strain, while inac-

tivation of TOP1 alone (top1D) shows little impact (Fig 1A). These

results are consistent with a model wherein spontaneous DSBs are

generated by the action of Top1 at unrepaired ribonucleotides in

the absence of RER.

RNase H2 functions to remove both single genomic ribo-

nucleotides and stretches of consecutive ribonucleotides, including

R-loops generated during transcription. Because unresolved

RNA–DNA hybrids such as R-loops can cause DNA DSBs, we

constructed a RNase H2-Ribonucleotide Excision Defective (rnh201-

RED) strain that is defective in resolving single ribonucleotides yet

proficient in resolving stretches of ribonucleotides (illustrated in

Fig 1B; Chon et al, 2013). We observed in the rnh201-RED strain a

similar increase in cells with a Rad52-YFP focus as in the rnh201D
strain, and this increase was Top1 dependent (Fig 1A, quantified in

Fig 1C). This analysis was extended to include a RNase H1-deficient

strain (rnh1D), as RNase H1 is active on RNA–DNA hybrids but not

on substrates containing < 4 consecutive ribonucleotides (Cerritelli

& Crouch, 2009). Deletion of RNH1 caused a small increase in the

percentage of cells containing a spontaneous Rad52-YFP focus

compared to wild-type cells (WT) (Fig 1A). This result is consistent

with an increase in gross chromosomal rearrangements observed in

a rnh1D mutant (Wahba et al, 2011), suggesting that processing of

RNA–DNA hybrids by RNase H1 may be important for preventing

spontaneous DSBs. Importantly, the rnh201-RED rnh1D double

mutant gave rise to a similar level of spontaneous Rad52-YFP foci as

the rnh201-RED single mutant, suggesting that failure to repair

single genomic ribonucleotides is the predominant source of Rad52-

YFP foci.

Rad52 is essential for tolerance of Top1-induced DNA damage at
unrepaired single genomic ribonucleotides incorporated by the
replicative polymerase on the leading strand

To further assess the importance of HR in the repair of Top1-

induced DNA damage at unrepaired ribonucleotides, we compared

the effect of inactivating RAD52, a crucial factor broadly involved in

HR (Krogh & Symington, 2004), in different genetic backgrounds.

Previous studies have shown that by mutating the residues of the

DNA polymerases near the active site “steric gate,” the levels of

ribonucleotide incorporation by a polymerase can be modulated. In

addition to inactivating RNH201, we mutated different DNA poly-

merases (pol2-M644G for Pol e, pol1-L868M for Pol a and pol3-

L612M for Pol d) so that all mutator allele strains incorporated

significantly higher levels of ribonucleotides specifically on either

the leading or lagging strand according to the division of labor by

the polymerases at the replication fork.

Tetrad dissection of heterozygous RAD52/rad52D diploid strains

showed that inactivating RAD52 had differential effects depending

on which polymerase mutator allele was also present (Fig 2A and

Appendix Fig S1). Based on the size of the spore colonies, inactivat-

ing RAD52 in the rnh201D background gave rise to less-healthy

strains (Appendix Fig S1). Similarly, the pol1-L868M rnh201D
rad52D and pol3-L612M rnh201D rad52D haploid cells gave rise to

smaller spore colonies but remained viable (Fig 2A, dissections

7–12, green circles). By contrast, Rad52 is essential in the pol2-M644G
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rnh201D cells as the pol2-M644G rnh201D rad52D haploid spore

progeny was inviable (Fig 2A, dissections 1–3, green circles). The

microscopic images of individual spore colonies confirmed that the

pol2-M644G rnh201D rad52D spores germinated but were unable to

divide more than a few times and arrested as large G2/M cells

(Fig 2B). Since the pol2-M644G mutator allele predominantly incor-

porates a high level of ribonucleotides into the nascent leading

strand, while the pol1-L868M and pol3-L612M mutator alleles

primarily do so into the nascent lagging strand (Lujan et al, 2013;

Williams et al, 2015), our results suggest that Rad52 is essential for

the repair of DNA damage initiated by unrepaired ribonucleotides

incorporated into the nascent leading strand.

More importantly, when we carried out the same tetrad dissec-

tion (RAD52/rad52D diploid) with the additional deletion of TOP1
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Figure 1. Spontaneous Rad52-YFP foci are elevated in a RNase H2-deficient yeast strain.

A A representative merged image (DIC and YFP) by live cell microscopy from each indicated strain shows the percentage of cells containing a spontaneous Rad52-yellow
fluorescent protein (YFP) focus.

B Diagram illustrating the functional difference in wild-type RNase H2 and RNase H2-Ribonucleotide Excision Defective (rnh201-RED) mutant.
C The percentage of cells containing a spontaneous Rad52-YFP focus was determined from at least 3,200 cells for each strain. The bar graph represents the mean

values � SD. ***P ≤ 0.001 (Student’s t-test in GraphPad Prism). Open circles indicate inactivated genes for each strain, and RED indicates rnh201-RED strain.
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(pol2-M644G rnh201D top1D), the pol2-M644G rnh201D top1D
rad52D haploid cells were viable (Fig 2A, dissections 4–6, green

circles), indicating that Rad52 was no longer essential. Our results

suggest that Rad52 is essential for the repair of Top1-induced DNA

damage in the presence of a high level of nascent leading strand

ribonucleotides incorporated by Pol e. This is consistent with our

recent finding that Top1 incision at ribonucleotides appears to be

specific to ribonucleotides incorporated into the nascent leading

strand by Pol e (Williams et al, 2015).

To determine whether single genomic ribonucleotides or

stretches of consecutive ribonucleotides are involved in Top1-

induced DNA damage that requires Rad52, we carried out tetrad
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Figure 2. RAD52 is essential in the presence of high levels of genomic ribonucleotides present in nascent leading strand DNA in a Top1-dependent manner.

A Tetrad analysis of RAD52/rad52D diploids. 1 to 12 are tetrad dissections, and A–D are haploid spore colonies. Plates were imaged after 5 days of growth on YPDA at
30°C.

B Microscopy images reveal that the pol2-M644G rnh201D rad52D haploid derivatives sporulated but failed to divide more than a few times and arrested as large
G2/M cells.

C Tetrad analysis of RAD52/rad52D diploids in a rnh201-RED mutant reveals that the presence of unrepaired single ribonucleotides is the cause of synthetic lethality in
a pol2-M644G rnh201D or pol2-M644G rnh201-RED strain background. Plates were imaged after 4 days of growth. pol2-M644G rnh201-RED rad52D haploid
derivatives arrested as large G2/M cells.
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dissections with the rnh201-RED mutant strain as well. The results

demonstrated that pol2-M644G rnh201-RED rad52D haploid cells

were inviable (Fig 2C, dissections 4–6, green circles), while pol2-

M644G RNH201-WT rad52D cells were viable (Fig 2C, dissections

1–3, green circles). This is consistent with the elevated level of

rnh201-RED cells bearing a Rad52-YFP focus (Fig 1C), suggesting

that Top1-induced DNA damage at ribonucleotides mainly arises

from single genomic ribonucleotides and not from R-loops. Further-

more, Rad52 plays an essential role in the repair of Top1-induced

DNA damage at single ribonucleotide incorporated into DNA by Pol

e, suggesting that Top1 induces DSBs in vivo when ribonucleotides

are not removed by RNase H2.

Rad51 counteracts the genome instability caused by
Top1-induced DNA damage at unrepaired single
genomic ribonucleotides

Next, we evaluated the impact of inactivating RAD51, an enzyme

critical for recombination filament formation and strand invasion

during DSB repair by HR [reviewed in Krogh and Symington

(2004)]. Inactivating RAD51 in a wild-type DNA polymerase back-

ground (� RNH201) showed no obvious effect in unperturbed

conditions (Appendix Fig S2A). In contrast, pol2-M644G rnh201D
rad51D cells were viable, but showed an increased doubling time

and abnormal cell morphology (small and heterogeneous colonies)

as compared to either pol2-M644G rnh201D or pol2-M644G rad51D
cells (Fig 3A). Inactivation of RAD51 generally gives rise to a milder

phenotype than inactivation of RAD52, potentially because Rad51-

independent recombination is known to occur and Rad52 is still

required in these alternative pathways. This is also consistent with

a previous report that rnh1D rnh201D rad51D cells showed higher

hydroxyurea sensitivity, but rnh1D rnh201D rad52D cells were

inviable (Lazzaro et al, 2012).

The fact that pol2-M644G rnh201D rad51D cells were viable

allowed further analysis of the role of Top1 in the induction of replica-

tion stress in rnh201D cells. Notably, cell growth significantly recov-

ered upon additional deletion of TOP1, and the small and

heterogeneous colony morphology was alleviated (Fig 3A). These

Rnh201-, Rad51-, and Top1-dependent effects on growth are consistent

with the formation of Top1-induced DSBs at ribonucleotide sites and

the consequent involvement of DSB repair by HR. This decreased

growth rate suggests that Rad51 is important for processing DNA

damage that results from a high density of unrepaired ribonucleotides.

Consistent with the observed effect on growth rate, flow cytome-

try analysis demonstrated that the cell cycle distribution profile for

the pol2-M644G rnh201D rad51D strain was significantly altered

(Fig 3B and Appendix Fig S2B). Over twice as many pol2-M644G

rnh201D rad51D cells accumulated in the G2/M phase compared to

other strains (Fig 3B, 70% versus 30%). Under these conditions,

deletion of TOP1 (pol2-M644G rnh201D rad51D top1D) reduced the

percentage of cells in the G2/M phase down to 42% (Fig 3B and

Appendix Fig S2B). These results show that Rad51-mediated repair

is important for Top1-induced damage in the context of newly incor-

porated ribonucleotides.

The Top1-dependent slow growth and cell cycle defects of the

pol2-M644G rnh201D rad51D strain were accompanied by constitu-

tive genome integrity checkpoint activation. Levels of both Rnr3 and

Hug1 were substantially increased in the pol2-M644G rnh201D

rad51D strain when compared to control strains (Fig 3C). Rnr3 is a

subunit of ribonucleotide reductase and Hug1 is also known as a

MEC1-mediated checkpoint protein, and both proteins are up-

regulated in response to checkpoint activation and replication stress

(Basrai et al, 1999; Kumar et al, 2010; Davidson et al, 2012).

Consistent with the effects observed on growth rates and cell cycle

distribution, additional deletion of TOP1 (pol2-M644G rnh201D
rad51D top1D) attenuated the checkpoint activation (Fig 3C).

To distinguish between the effect of unrepaired of R-loops and

single ribonucleotides, we carried out the same genetic analyses

using the pol2-M644G rnh201-RED rad51D strain, and we observed

similar increases in doubling time, accumulation in the G2/M phase,

and replication stress as in pol2-M644G rnh201D rad51D cells

(Fig EV1). These results indicate that the unrepaired single ribo-

nucleotides are sufficient to cause these observed phenotypic

responses.

In summary, constitutive checkpoint activation depends on the

presence of Top1, the inability of RNase H2 to remove single ribonu-

cleotides (but not R-loops) and the absence of Rad51. These results

suggest that Rad51 is important in repairing Top1-induced damage

at newly incorporated ribonucleotides in order to maintain genome

integrity. This is consistent with a model in which Rad51-mediated

HR is important for the repair of Top1-induced DSBs when high

levels of persistent ribonucleotides have been incorporated into the

genome by a replicative DNA polymerase.

Sequential Top1 cleavage on the opposite strand from the
Top1-induced nick at a single ribonucleotide site leads to
irreversible DSBs

What is the mechanism of Top1-induced DSBs at unrepaired ribonu-

cleotide sites? One possibility is that replication of the nicked strand

generates a DSB. Another possibility is that two sequential Top1

cleavage events on the opposite strands can create DSBs at ribonu-

cleotide sites, leaving one side with a 20,30-cyclic phosphate end and

the other side with a covalently linked Top1, which is prone to reli-

gate/recombine with DNA bearing 50-OH groups. Figure 4 shows

the proposed model. In either scenario, Top1-induced DSBs would

be generated via a mechanism that is distinct from the reported

mechanism through which Top1 induces 2–5 bp deletions at repeti-

tive sequences via two sequential Top1 cleavage events on the same

ribonucleotide-containing strand (Nick McElhinny et al, 2010a; Kim

et al, 2011; Williams et al, 2013, 2015; Huang et al, 2015; Sparks &

Burgers, 2015). Consistent with this idea, we found that the loss of

HR does not appear to impact the rate of Top1-dependent 2–5 bp

deletions at repetitive sequences in rnh201D cells (Appendix

Table S1 and Fig EV2), thus suggesting a novel mechanism for how

Top1 generates DSBs at ribonucleotide sites.

To establish biochemically whether Top1 can induce DSBs via

the mechanism shown in Fig 4, we examined cleavage products by

recombinant Top1 enzyme on a DNA construct containing the

(AG)4 hot spot from the CAN1 reporter sequence (Kim et al, 2011),

where the non-transcribed strand (NTS) bored either a single

ribonucleotide or a deoxyribonucleotide (position X in Fig 5A). To

establish ribonuclease activity of Top1 in this context (see box in

Fig 4), we first carried out a cleavage and reversal assay with the

DNA substrate labeled on the NTS strand (Appendix Fig S3). When

the formation of Top1 cleavage complexes (Top1cc) reaches
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equilibrium, addition of a high concentration of NaCl prevents the

formation of new Top1cc, yet allowing the dissociation of existing

Top1cc in the reverse direction to continue (Pourquier et al, 1997).

Thus, transient Top1cc would result in bands whose intensities

decrease with time in this assay. The results show that in the

absence of the specific Top1 poison camptothecin (CPT), Top1

induces an irreversible, permanent break at the site corresponding

to position X only when a ribonucleotide was incorporated at posi-

tion X (site b in Appendix Fig S3). Thus, as expected, Top1 acted as

a ribonuclease and generated a permanent DNA nick at the ribo-

nucleotide site in this sequence context.

Next, we examined Top1 cleavage products with the DNA

construct labeled on the transcribed strand (TS) in order to detect

Top1-induced DSBs. One weak Top1-induced cleavage product was

detectable when the NTS contained only deoxyribonucleotides

(Fig 5B, lanes 2 and 6, site i), while five Top1-induced cleavage

products were detectable when the position X in the NTS contained

a ribonucleotide (Fig 5B, lanes 4 and 8, sites i–v). The nucleotide

position that is covalently linked to Top1 in each instance is

underlined in the sequence in Fig 5A (sites i–v). Additionally, a

Top1-induced intermolecular religation product was generated when

position X contained a ribonucleotide (Fig 5B, lane 4, 46 nt). When

Top1 is covalently linked to DNA end, it is prone to religate with

DNA containing a free 50-hydoxyl group. As the diagram on the right

side of Fig 5B shows, one way the 46 nt product can be generated is

through religation of Top1-linked DSB with full-length TS substrate.

We reasoned that if the 50-end of the TS was phosphorylated, the

Top1-dependent religation product would be blocked. Accordingly,

when the position Y in the TS contained a phosphate instead of a

hydroxyl group, the Top1-dependent recombination product was

not observed, while the other Top1-induced cleavage sites remained

unchanged (Fig 5B, lane 8).

Top1 cleavage and reversal assays in the presence or absence of

CPT with the (AG)4 construct (Fig 5A) showed that when position X
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Figure 3. Deletion of RAD51 in a yeast strain containing a large number
of unrepaired leading strand ribonucleotides (pol2-M644G rnh201D)
causes genome instability phenotypes that are Top1 dependent.
All strains harbor the pol2-M644Gmutation, and open circles indicate additional
inactivated genes for each strain.

A Slow growth caused by loss of RAD51 in a pol2-M644G rnh201D strain is
Top1 dependent. Upper panel: Tenfold serial dilutions of exponentially
growing yeast strains with combinations of indicated gene deletions were
spotted onto a YPDA agar plate and grown for 2 days at 30°C. Lower panel:
Doubling times (Dt) were calculated for respective strains in the logarithmic
phase of growth in rich medium at 30°C. **P ≤ 0.01 (Student’s t-test in
GraphPad Prism). The experiment was performed in triplicate. Data are
displayed as the mean Dt � standard deviation (SD).

B Flow cytometry analysis of cell cycle progression reveals that deletion of
RAD51 in a pol2-M644G rnh201D strain causes accumulation of cells in
G2/M phase in a Top1-dependent manner. Representative histograms are
presented in Appendix Fig S2B. Bar graphs display the percentage of cells in
G1, S, or G2/M phase. The experiment was performed twice, and mean
values are plotted � SD. **P ≤ 0.01 (Student’s t-test in GraphPad Prism).

C Activation of the genome integrity checkpoint was measured by
immunoblotting for Rnr3 and Hug1 in whole cell extracts from the
indicated strains. Increase in Rnr3 and Hug1 expression levels serves as a
sensitive indicator of genome integrity checkpoint activation (Basrai et al,
1999; Kumar et al, 2010; Davidson et al, 2012). Hydroxyurea (HU)-treated
(200 mM for 3 h) cells served as a positive control.
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contained a deoxyribonucleotide, both CPT-dependent and CPT-

independent sites were fully reversible after 30 min (Fig 5C, lanes

1–9). However, when position X contained a ribonucleotide, the

intensity of site i decreased as the reversal reaction progressed, but

the intensities of sites ii–v did not change over time (Fig 5C, lanes

10–18), consistent with irreversible Top1-induced DSBs. Because

denaturing sequencing gels cannot differentiate between DNA

single- and double-strand breaks, we resolved the Top1 cleavage

products of the (AG)4 construct on native gels. When position X

contains a ribonucleotide, the expected Top1-induced double-strand

fragment should be a 11 nt fragment of the NTS annealed to a 12 to

18 nt fragment of the TS, depending on the site of Top1 cleavage. As

expected, only when position X contained a ribonucleotide, the

Top1 cleavage products gave rise to three bands with the expected

sizes (Fig 5D, lane 4, between 10 and 20 bp). The lower resolution

of the native gel and the partial melting of the DNA duplex likely

contributed to why we only observed three instead of four DSB

products in the native gel. We also performed the Top1 cleavage

assays on a construct containing the (AT)2 hotspot from the CAN1

sequence resolved in both denaturing sequencing and native gels

(Appendix Fig S4). Similar results were observed.

As shown in the proposed model in Fig 4, the first step of Top1-

induced DSB formation requires the ribonuclease activity of Top1.

Canonical Top1 cleavage activity is characterized by a broad and

relaxed sequence dependence (Porter & Champoux, 1989; Jaxel

et al, 1991). To probe whether the presence of ribonucleotides

affects the frequency of Top1 cleavage, we compared the effect of

ribonucleotides to different Top1 trapping poisons, traditionally

used to capture transient Top1 cleavage complexes. Using DNA

constructs incorporating ribonucleotides at different positions, we

found that Top1 cleaves at ribonucleotide sites at high frequencies,

revealing sites that were undetectable using any of the three Top1

poisons tested (Fig EV3). Taken together, our biochemical results

demonstrate that Top1 displays frequent ribonuclease activity at

unrepaired ribonucleotide sites and that abundant DSBs are readily

generated by a subsequent Top1 cleavage event on the opposite

strand.

Unrepaired ribonucleotides induce covalently linked Top1 to DNA
ends in vivo

To further demonstrate the sequential Top1 cleavage mechanism for

the generation of DSBs at unrepaired ribonucleotide sites in vivo, we

probed for DNA fragments that are covalently linked to Top1 at their

30-end (Fig 4E). For this, we tagged the endogenous Top1 protein

with a 5×FLAG-epitope tag in RNase H2-proficient or RNase H2-

deficient strains and pulled-down DNA fragments covalently linked

to Top1 from unfixed cell lysates using an anti-FLAG antibody. The

efficiency of pull-down was verified by immunoblotting followed by

probing for the remaining Top1 in the supernatant post-pull-down

(Fig EV4A). We further verified that the pulled-down DNA was

covalently linked to Top1 by treatment with tyrosyl-DNA phospho-

diesterase 1 (TDP1), which specifically cleave the phosphotyrosyl

bond of Top1cc (Fig EV4B). If the covalently linked Top1 is located

at an internal position, the DNA fragment would contain a nick at

the Top1 cleavage site after proteinase K treatment, making it

susceptible to subsequent S1 nuclease digestion (Fig 6A). By

contrast, a DNA fragment with the covalently linked Top1 located at

the 30-end would not contain DNA nick and thus would be resistant

to S1 nuclease (Fig 6B).

We treated the pulled-down DNA fragments from yeast strains

with or without RNase H2 with low concentrations of nuclease S1

that effectively cleaved nicked DNA but not double-strand DNA. S1-

treated DNA from wild-type cells consistently migrated faster than

the S1-treated DNA from rnh201D or pol2-M644G rnh201D cells

(Figs 6C and D, and EV4C). The tracing of the S1-treated DNA
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B Newly incorporated ribonucleotides are normally removed by RER initiated
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showed almost no DNA from wild-type cells longer than 3.5 kb, as

opposed to ~22% of DNA from rnh201D cells (Fig 6C and D, green

dash line). Under similar conditions, the mock-treated DNA from

different yeast strains showed no difference in migration (Figs 6C

and D, and EV4C). The greater resistance of the pulled-down DNA

from rnh201D or pol2-M644G rnh201D cells to nuclease S1 digestion

provides evidence that Top1 is more frequently covalently linked to

the end of DNA in RNase H2-deficient yeast cells in vivo. These
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biochemical experiments are consistent with the sequential Top1

cleavage model for DSB formation when newly incorporated ribo-

nucleotides are left unrepaired in the genome.

Discussion

A large body of experimental evidence in recent years demonstrated

that ribonucleotides are frequently incorporated into DNA during

replication, making them the most common non-canonical nucleo-

tides in the genome (Nick McElhinny et al, 2010b; Potenski & Klein,

2014; Reijns & Jackson, 2014; Williams & Kunkel, 2014; Cerritelli &

Crouch, 2016; Williams et al, 2016). Both persistent and transient

ribonucleotides in the genome have potentially far-reaching conse-

quences. Elucidating their deleterious consequences and the

processes by which they are repaired is currently a particularly

active area of research. Here, we provide genetic evidence that DSBs

are generated by Top1, an essential and abundant enzyme

(Pommier et al, 2016), at sites of single genomic ribonucleotide in

the absence of RER. We also provide in vitro and in vivo

biochemical evidence that sequential Top1 ribonuclease activity

(Sekiguchi & Shuman, 1997; Kim et al, 2011) and Top1 cleavage

events on opposite DNA strands can generate DSBs.

The predominant pathway for the removal of genomic ribo-

nucleotides is RER (Fig 4B), in which RNase H2 initiates the

process by nicking the DNA backbone on the 50-end of a newly

incorporated ribonucleotide. RNase H2 is conserved through all

domains of life, and RNase H2-null mice are embryonic lethal

(Hiller et al, 2012; Reijns et al, 2012). Unicellular organisms do

not require RNase H2 for viability, however, making it possible to

elucidate the consequences of RER deficiency in model organisms

such as yeast. Convergent studies have established that Top1

produces short deletions at ribonucleotide sites (Kim et al, 2011;

Potenski et al, 2014), which have been attributed to the ribonu-

clease activity of Top1 (Sekiguchi & Shuman, 1997; Kim et al,

2011; Sparks & Burgers, 2015; Huang et al, 2015) (Fig EV5).

When a Top1 covalent cleavage is formed at a ribonucleotide, the

20-hydroxyl group carries out a nucleophilic attack on the phos-

photyrosyl bond, nicking the DNA and simultaneously freeing

Top1 (Figs 4 and EV5). Our data show that the frequency of

Top1 ribonuclease activity at single genomic ribonucleotide sites

is potentially very high. We revealed more Top1 sites in our test

sequence using substrates that contain ribonucleotides at different

positions than using Top1 trapping drugs and substrates contain-

ing only deoxyribonucleotides (Fig EV3C). Furthermore, the

ribonucleotide sites where Top1 nicks present a broader sequence

diversity compared to preferred sites by Top1 trapping drugs that

tend to trap Top1 cleavage at thymidines (Jaxel et al, 1991;

Parker & Champoux, 1993). As Top1 is coupled with replication

(Pommier et al, 2016), the capacity of Top1 to either nick or

generate a DSB at sites of transient or persistent ribonucleotides

introduced during replication emerges as a previously unantici-

pated threat to genome stability.

It is now well established that in the absence of RER, Top1-

initiated ribonucleotide removal results in 2–5 bp deletions in short

tandem repeats (Nick McElhinny et al, 2010a; Clark et al, 2011; Kim

et al, 2011; Potenski et al, 2014), presumably through a second

Top1 cleaving event on the same DNA strand followed by strand

slippage and faulty religation across the DNA gap (Huang et al,

2015; Sparks & Burgers, 2015) (Fig EV5D and E). When the ribo-

nuclease activity of Top1 occurs away from tandem repeats, the

resulting nicks (Fig 4D) could not effect strand slippage and would

need to be repaired, potentially through DNA gap-filling
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mechansims (Potenski et al, 2014; Sparks & Burgers, 2015;

Fig EV5F). Left unrepaired, these Top1-induced nicks could also

lead to severe forms of DNA damage.

Here, we demonstrate that an alternative mechanism, where a

second Top1 cleaving event on the opposite strand from the nick,

induces a DSB with a covalently attached Top1 molecule (Figs 4E

and EV5G and H). This configuration is prone to religate/recombine

with a free 50-hydroxyl group (Fig 4F). Detailed analysis of mutation

rates and specificity supports that Top1-induced 2–5 bp deletions

and Top1-induced DSBs arise through distinct mechanisms

(Fig EV2). We note that the 2–5 bp deletions occur at low frequency

in vivo, and in vitro biochemical work suggests that only a fraction

of the second Top1-cleavage products leads to strand slippage and

faulty religations that result in 2–5 bp deletions (Huang et al, 2015).

On the other hand, we demonstrate here that multiple DSB species

are generated from a single unrepaired ribonucleotide in vitro. Thus,

it is plausible that Top1-induced DSBs occur in vivo.

Our genetic analyses indicate that HR, the major DSB repair path-

way in yeast, is critical for repairing Top1-induced damage at

ribonucleotide sites. During HR, 50–30 resection generates single-

strand DNA that is then coated by RPA. The Rad51 recombinase

subsequently displaces RPA to form filaments, and Rad52 is

required in this process. Both Rad51 and Rad52 form discrete micro-

scopic foci that represent specialized DSB repair centers (Lisby et al,

2001, 2003; Miyazaki et al, 2004). We observed a higher percentage

of cells with Rad52 foci in a rnh201D strain than in the WT strain,

and further inactivation of TOP1 reversed this trend (Fig 1), consis-

tent with the formation of DSBs at DNA nicks generated by Top1

ribonuclease activity at unrepaired single ribonucleotide sites.

Accordingly, we found that inactivating RAD52 or RAD51 impaired

the ability of the cell to cope with Top1-induced damage at ribo-

nucleotides (Figs 2 and 3).

Our findings are also consistent with the Top1-induced elevated

rates of recombination and chromosomal rearrangements in RNase

H2-null yeast strains (Potenski et al, 2014; Conover et al, 2015;

Epshtein et al, 2016). However, multiple pathways of processing

ribonucleotides on the leading and lagging DNA strands can lead to

genome destablizing recombination-initiating events, including

DSBs. For example, as Top1 generates DNA nicks at ribonucleotide

sites, it is possible that replication or transcription machineries

encountering the Top1-generated DNA nicks contribute to DSB

formation in vivo. Recent reports also suggested that unresolved

R-loops could trigger Top1-induced recombination events in RNase

H2-deficient yeasts (O’Connell et al, 2015), although the effect of

incorporated ribonucleotides could not be ruled out as rnh201-RED

strains still showed elevated recombination rates (Epshtein et al,

2016). Here, we focused on Top1-dependent DSBs initiated by

ribonucleotide incorporation into nascent leading strand by Pol e,
which was shown to induce high recombination rates in a study

using different mutator alleles of polymerase in RNase H2-deficient

yeast (Conover et al, 2015). Based on our experiments with the

RNase H2 mutant lacking R-loop removal activity [the rnh201-RED

strains (Chon et al, 2013)], we conclude that the unrepaired single

genomic ribonucleotides are sufficient to induce Top1-dependent

DSBs (Figs 1, 2C, and EV1).

To further support our proposed mechanism (Fig 4), we

analyzed the DNA covalently linked to Top1 from the pull-down

experiment, which showed that Top1 is more frequently covalently

linked to the end of DNA in vivo in the absence of RER (Fig 6).

Although our data from pol2-M644G strains clearly implicate Top1-

induced DSBs in the leading strands, we cannot rule out that Top1

might induce DNA damage that requires HR in the lagging strands.

This may be reflected in the slow growth observed for the haploid

spore colonies formed in the pol1-L868M rnh201D rad52D and pol3-

L612M rnh201D rad52D strains (Fig 2A). Additionally, while TOP1

deletion rescued the inviability of the pol2-M644G rnh201D rad52D
mutant, colonies formed for the pol2-M644G rnh201D rad52D top1D
strain were small and showed reduced growth rate, which could be

attributed to unresolved DNA breaks, potentially resulting in

genome rearrangements.

In keeping with our model, RNase H2 knockout mouse embry-

onic fibroblasts and cells from several embryonic tissues show

increased levels of cH2AX (Hiller et al, 2012; Reijns et al, 2012).

Furthermore, the most significantly up-regulated genes in RNase H2

knockout murine cells are targets of p53 (Hiller et al, 2012; Reijns

et al, 2012), which is known to be critical for multiple aspects of

DSB repair. Importantly, the danger posed by Top1-induced DNA

damage at ribonucleotide sites does not appear to be limited to

RNase H2-deficient cells. Previous reports have shown that high

levels of transcription also promote the Top1-induced 2–5 bp dele-

tions (Lippert et al, 2011; Takahashi et al, 2011; Cho et al, 2013). It

is possible that DNA repair introduces ribonucleotides at highly

transcribed regions and that abundance of Top1 at these regions

[reviewed in (Pommier et al, 2016)] leads to Top1 acting with

newly incorporated ribonucleotides before their removal by RNase

H2-dependent RER.

Reduction-of-function mutations in RNase H2 in humans lead to

AGS, an inflammatory disease that affects primarily the brain and

the skin, and is associated with by increased interferon a (Rabe,

2013; Reijns & Jackson, 2014). A recent report also linked mutations

in RNase H2 to heightened risk of systemic lupus erythematosus

(SLE) (Gunther et al, 2015), an autoimmune disease that is also

characterized by increased interferon a. Fibroblast cells from SLE

patients with RNase H2 mutations display more cH2AX foci and

higher levels of p53 (Gunther et al, 2015), consistent with data from

the RNase H2-null mouse embryonic fibroblasts (Hiller et al, 2012;

Reijns et al, 2012). Mutations in several other genes also lead to

AGS, including TREX1, SAMHD1, ADAR1, and IFIH1/MDA5, all of

which are involved in metabolism of nucleic acids or recognition of

viral genomic fragments (Rabe, 2013; Reijns & Jackson, 2014;

Gunther et al, 2015). It is believed that accumulation of endogenous

nucleic acid species triggers innate immune responses. In the case

of RNase H2, the molecular mechanism of how interferon a is up-

regulated is currently unknown. Based on our biochemical data and

genetic analysis in yeast, investigation into whether Top1-induced

DSBs in the RNase H2-deficient cells potentially contribute to the

stimulation of the characteristic immune responses of AGS is

warranted.

Materials and Methods

Yeast strains

Saccharomyces cerevisiae strains are isogenic derivatives of strain D|
(-2)|-7B-YUNI300 (MATa CAN1 his7-2 leu2D::kanMX ura3D trp1-289
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ade2-1 lys2-DGG2899-2900) (Pavlov et al, 2001). Strain genotypes

are listed in Appendix Table S2. The URA3 reporter gene was intro-

duced in either orientation 1 (OR1) or orientation 2 (OR2) at posi-

tion AGP1 (Shcherbakova & Kunkel, 1999) by transformation of a

PCR product containing URA3 and its endogenous promoter flanked

by sequence targeting the reporter to AGP1. rad51D and rad52D
variants were generated by deletion replacement of the endogenous

genes via transformation with a product containing the nourseo-

thricin-resistance cassette (natMX4) amplified from pAG25 and

flanked by 60 nucleotides of sequence homologous to the intergenic

regions upstream and downstream of the RAD51 or RAD52 open

reading frame. To generate rnh201-RED strains, a plasmid contain-

ing Rnh201 C-terminally tagged with 5×FLAG and flanked by

upstream and downstream sequences was mutagenized using the

Quikchange II site-directed mutagenesis kit (Agilent Technologies).

Following PCR amplification, this construct was transformed into

yeast to replace RNH201. Gene replacement was confirmed by

marker selection and PCR analysis. The presence of the P45D and

Y219A mutations was confirmed by sequencing, and protein expres-

sion was confirmed by Western blotting using an anti-FLAG M2

(mouse) antibody (Sigma F1804).

Construction of diploid strains heterogeneous for rad52::natMX4

was performed by deletion replacement of 1 copy of RAD52. Trans-

formants that arose from homologous recombination were verified

by PCR analysis and appropriate marker selection. Tetrad dissection

was performed following a 3- to 4-days incubation of diploid strains

on sporulation medium (0.1% potassium acetate, 250 mg adenine,

2% agar) at 25°C. Strains expressing Rad52-YFP were constructed

by transformation with plasmid pWJ1344 (Lisby et al, 2001) and

selected on synthetic complete (SC) medium lacking leucine

(SC-Leu).

Fluorescence microscopy

10 ml cultures of each strain were grown overnight at 25°C in selec-

tive medium (SC-Leu). Cell pellets were washed once with 1× PBS

and mounted on glass slides. Two independent experiments were

performed, and between 9 and 15 images were captured for each

strain (for a total of > 3,200 cells in which foci were scored for

each). Images were captured on a Zeiss LSM510-UV meta (Carl

Zeiss Inc, Oberkochen, Germany) using a Plan-Apochromat 63×/1.4

Oil DIC objective. The 514-nm laser line from an argon laser at 6%

power was used for excitation of the Rad52-YFP, and a 530- to 600-

nm band pass emission filter was used to collect the images of the

YFP with a pinhole setting of 1 Airy unit. Image processing and foci

quantitation were performed using ImageJ v1.49p (http://imagej.

nih.gov/ij/). Z-sections were merged into one maximum intensity

projection image where the “Analyze Particles” module of ImageJ

was used to count thresholded features. The number of cells

containing YFP foci was normalized to total number of cells

counted.

Phenotype analyses

Strains were grown in YPDA medium (1% yeast extract, 2% bacto-

peptone, 250 mg/l adenine, 2% dextrose, 2% agar for plates) at

30°C. Doubling time (Dt) values were calculated from cultures in

the logarithmic phase of growth. The experiment was performed in

triplicate; data are displayed as the mean Dt � SD. Spot assays were

performed by plating 10-fold serial dilutions of exponentially grow-

ing cells onto YPDA agar. Plates were incubated at 30°C and photo-

graphed after 2 days of growth. Two independent biological

replicates of this test were performed, with a representative panel

shown. Flow cytometry analysis of DNA content was performed as

previously described (Williams et al, 2013). The percentage of cells

in G1, S and G2/M was determined using data from two experiments

using Modfit software (Verity Software House, Topsham, ME).

Immunoblotting

Whole cell extracts were prepared from exponentially growing cells

as described (Williams et al, 2013). Actin was probed as a loading

control. Gel electrophoresis and Western blotting for Rnr3 and Actin

were performed as described (Tumbale et al, 2014). Blotting for

Hug1 was performed using a custom-made polyclonal rabbit anti-

body at a dilution of 1:500. The positive control is an extract

prepared from wild-type cells treated with 200 mM hydroxyurea

(HU) for 3 h.

Generation of biochemical substrates

Custom-synthesized oligonucleotides (IDT, Coralville, IA) were

30-labeled by terminal deoxynucleotidyl transferase (Invitrogen,

Carlsbad, CA, USA) and [a-32P] cordycepin-50-triphosphate (Perkin-

Elmer, Inc. Waltham, MA, USA). Quick Spin Oligo Columns (Roche

Applied Science) removed residual [a-32P] cordycepin-50-tripho-
sphate, and the 30-radiolabeled oligos were annealed to its unlabeled

complementary strands at 1:1 ratio. The sequences of all the

oligonucleotides used in the Top1 cleavage assays are listed in

Appendix Table S3.

Top1 cleavage assays

Recombinant human Top1 was overexpressed and purified using a

baculovirus expression system from Sf9 insect cells as described

(Pourquier et al, 1999). The Top1 cleavage and reversal assays were

carried out as described (Dexheimer & Pommier, 2008; Kim et al,

2011).

Analysis of DNA covalently linked with Top1
by immuno-pull-down

Half a liter of Saccharomyces cerevisiae cells with Top1 tagged with

5×FLAG-epitope was cultured to mid-log phase before harvest. All

subsequent steps were carried out at 4°C. The pellets were immedi-

ately washed twice in denaturing buffer (50 mM HEPES, pH = 7.3,

150 mM NaCl, 1 mM EDTA, 1% Triton, 0.1% sodium deoxycholate,

0.1% SDS, 1 mM PMSF, supplemented with protease inhibitor cock-

tail) followed by two washes in lysis buffer (50 mM HEPES,

pH = 7.3, 150 mM NaCl, 1 mM EDTA, 1% Triton, 1 mM PMSF,

supplemented with protease inhibitor cocktail). The pellets were then

resuspended in lysis buffer and lysed on a bead beater in the presence

of glass beads. The lysates were then clarified before sonication with

a Bioruptor on medium–low setting. The sheared chromatins were

clarified again and incubated with lysis buffer-washed Sepharose

slurry for 1 h followed by clarification again. Dynabeads were
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washed trice with PBST plus 0.5% BSA and then incubated with

anti-FLAG antibodies overnight before combining with the clarified

chromatins for incubation overnight. The Dynabeads were then

washed twice with lysis buffer, twice with lysis buffer plus 300 mM

NaCl, once with wash buffer (10 mM Tris–HCl, pH = 8, 250 mM

LiCl, 0.1% Nonidet P-40, 1 mM EDTA) and finally twice in 1× TE.

The Dynabeads were resuspended in 1× TE with 0.25% SDS

supplemented with 500 lg/ml proteinase K and incubated at 55°C

overnight. The resulting supernatant was then extracted by

phenol:chloroform:isoamyl alcohol (25:24:1) solution followed by

ethanol precipitation in the presence of glycogen. The DNA pellets

were resuspended in 1× TE. Equal amounts of DNA (~100 ng) were

treated with nuclease S1 (0.4 unit) or mock-treated at 25°C for 1 h

before inactivation of the enzymes at 70°C for 10 min. The resulting

DNA samples were analyzed on a 1% agarose gel stained with

SYBR Gold.

Expanded View for this article is available online.
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